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Abstract—In this work, the aptness of the combination of 3D-printing and RFID is faced by presenting a compact, low-profile, and 
cost-effective circularly polarized antenna for handheld UHF RFID reader. The radiating element has been realized through a circular 
array of four inverted-F monopoles, where the array elements are excited with a 90-degree phase offset through a microstrip feeding 
network, realized in 3D-printing technology as well. Taking advantage from low losses and moldability of the 3D-printing materials 
joint to a specific design strategy, the proposed antenna realizes an improved gain and an appreciable size reduction if compared with 
the state of the art. 
 
Index Terms— Circularly polarized Antennas, 3D printing, Energy Efficiency, RFID Reader, UHF. 
I. INTRODUCTION  
assive UHF radiofrequency Identification (RFID) in UHF band (860÷920 MHz) is growing at a rapid pace and covers many 
different types of applications. At the same time, additive manufacturing 3D-printing technology promises high added value 
in many fields, including electromagnetics [1]-[3]. In such a context, the combination of 3D-printing and RFID could enable the 
design of new and challenging antennas more and more efficient other than compact. Emblematic in the literature is the case of 
antennas for handheld UHF RFID readers where stringent requirements, not only in terms of gain, polarization, and bandwidth, 
but also in terms of shape, weight, and size must be necessarily respected. Generally, these antennas are realized in planar 
technology by using either common materials (i.e. FR-4 substrates) or hi-performing RF laminates (i.e. Rogers) [4] so to exploit 
the lower losses to make the antenna compact while guaranteeing and adequate gain. In particular, in Fig. 1, solutions proposed 
in literature [4]-[16] have been classified as a function of both gain and occupied area. As clear from the graph, most of the 
antennas having a positive gain exhibit considerable size, larger than λ/4×λ/4. The work presented in [7] and [6] are exceptions. 
In particular, the antenna proposed in [6] consists of two crossed dipoles properly fed to obtain a circularly polarized antenna. 
However, in this solution the ground plane is not taken into account, which is indeed helpful to alleviate the effect of the 
presence of the human hand and electronic circuitry. On the other hand, the antenna presented in [7] is compact while 
guaranteeing a good gain (Fig. 1), and it can be seen as an example of transition from planar to 3D topology in the framework of 
antennas for handheld RFID readers. In fact, two layers of a low-loss dielectric material (εr=4.3, tanδ=0.002) opportunely and 
precisely separated have been used to take advantage from the third dimension. Interesting results in terms of both gain and size 
have been obtained, with prospective of further improvements, as for example the dual band capability introduced in [17]. In 
such a context, additive manufacturing 3D printing represents a real added value as it enables the possibility to control the 
dielectric characteristics of the substrate by accurately setting the percentage of released material (infill percentage) [3],[18].  
In this work, low deformability, good thermal stability, robustness, and very low electromagnetic losses of the Polilactic Acid 
(PLA) at the considered frequencies have been exploited to 3D-print a square circularly polarized antenna as compact as 
λ/6×λ/6×λ/40 and easily embeddable in commercial UHF-RFID (ETSI UHF band, 865–868 MHz) portable readers. The antenna 
consists of a 3D-printed PLA structure, opportunely characterized in terms of permittivity and loss tangent, which hosts an array 
of four inverted-F monopoles on the top layer. These radiating elements are excited with a 90° phase offset through a microstrip 
feeding network placed on the bottom side of the structure. 
Once designed and realized, reflection coefficient, isolation parameter and axial-ratio (AR) have been measured and obtained 
results have been discussed and compared with those available in literature. 
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Fig. 1  Classification of antennas for handheld UHF RFID Readers in terms of size and gain. The size is normalized to the free space wavelength at the central 
frequency of the operating band. 
II. ANTENNA DESIGN 
In order to design the novel compact antenna for handheld UHF RFID readers based on 3D printing materials, preliminary 
measurements aiming at characterizing the PLA from the electromagnetic point of view have been performed. In particular the 
relative dielectric constant and loss tangent of PLA substrates when varying the infill percentage from 20% to 100% have been 
measured through the T-resonator method [18]. Results at 866 MHz have been summarized in Tab. I. As can be observed, 
permittivity increases with the substrate density. Since losses are small enough in each investigated situation, the 100% case has 
been considered in this project, with εr=2.57 and a loss tangent of only tanδ=0.0069. Indeed, the higher dielectric permittivity 
achievable with the 100% infill percentage is useful to further miniaturize the radiating element, allowing for a more compact 
overall structure. 
TABLE I.  
MEASURED PLA DIELECTRIC PARAMETERS AT 866 MHZ BY VARYING THE INFILL PERCENTAGE  
Infill Percentage Dielectric Constant Loss Tangent 
20% 1.49 0.0029 
40% 1.62 0.0036 
60% 1.91 0.0047 
80% 2.23 0.0052 
100% 2.57 0.0069 
The proposed 3D-printed antenna, designed to operate in the ETSI UHF-RFID band (865-868 MHz), is composed of two parts 
sharing the same ground plane: a set of four radiating elements disposed to form an annular square structure (Fig. 2a), and a 
microstrip feeding network (Fig. 2b). As clear from Fig. 2a, each radiating element is an inverted-F monopole with a capacitive 
top load. Each monopole is composed of a 35µm-thick copper layer, applied on a 3D-printed PLA “brick”, which acts as an 
antenna substrate integral with a single support plastic structure. The capacitive top load is effective in reducing the physical size 
of the radiating element, thus contributing — along with the 3D-printable structure — on guaranteeing a more compact and low-
profile structure. Moreover, the thickness of the substrate of each inverted-F monopole is considered as a tunable parameter to 
effectively control the antenna gain while optimizing the occupied area. Specifically, the lower is the inverted-F monopole 
height, the more compact is the overall antenna structure, but the lower is the radiation efficiency. The radiating structure is 
completed with lateral feeding lines providing the connection with the feeding network. In the inset of the same Fig. 2a, the 
detail of the connection line of a single monopole is highlighted along with the related length parameters. In particular, the two 
parameters related to the short-circuited stub, s1 and s2, are also optimized to adjust the radiating element input impedance, which 
is equal to 100Ω. The structure has been designed and simulated in CST Microwave Studio where an ad-hoc virtual material 
having the dielectric characteristics of the 100%-PLA (see Tab. I) has been defined to reproduce the 3D printable parts of the 
antenna. With the optimized antenna parameters reported in Tab. II a total size of 60×60×7.5 mm3 has been obtained.  
 
a)  
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c) 
Fig. 2  Antenna layout: (a) 3D view and (b) bottom view. In (c), the equivalent circuit of the matching and delay network shown in (b) is shown, where 
ZANT=100Ω. 
TABLE II. 
3D-PRINTED ANTENNA PARAMETERS  
Parameter Optimized Value [mm] Parameter Optimized Value [mm] 
a 7.5 f2 4.2 
b 7.5 s1 6.0 
c 46.6 s2 3.4 
f1 3.5 L 60 
Furthermore, since the four radiating elements are arranged to form an annular square structure (Fig. 2a), each element is 90-
degree rotated with respect to the center of the common ground plane. Thus, by feeding each element with currents having the 
same amplitude, but with a 90-degree phase shift, a circularly polarized radiated field can be achieved (sequential rotation 
feeding technique) leading to an improvement of both cross polarization (circular polarization purity) and radiation pattern 
symmetry. Consequently, a specific matching and delay line, capable of driving each radiating element with the required phase-
shifted currents, has been designed and placed upside-down with respect to the radiating structures so to share the same ground 
plane (Fig. 2b). Moreover, as better described in [18], this feeding line, has been optimized to exhibit a standard 50Ω input 
impedance when its four ports are connected to each 100Ω radiating element (i.e. the F-inverted monopoles in the considered 
structure). 
The feeding line equivalent circuit is shown in Fig. 2c, where the indicated microstrip lines characteristic impedances (i.e. 
microstrip widths) have been conveniently optimized for a 3D-printed 0.85mm-thick PLA substrate (100% of infill also in this 
case). Also, by properly adjusting the li lengths, the microstrip length between two consecutive ports becomes close to λg/4 
(being λg the equivalent guide wavelength), and a 90-degree-phase shifting among each antenna is obtained. It is worth noting 
that the size and shape of the 3D-printed supports can be arbitrarily chosen, differently from other commercial substrates whose 
thickness is standardized. 
III. ANTENNA REALIZATION 
In this Section the manufacturing process to prototype the proposed 3D-printed antenna for handheld UHF RFID readers will 
be illustrated. This process consists in fabricating the metallic parts and the PLA substrates of both feeding network and radiating 
 
Fig. 3  Components of the designed 3D-printed antenna for handheld UHF RFID Reader 
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structure and then in carefully assembling them. 
In Fig. 3, different pictures of the realized antenna are reported. In particular, in Fig. 3a, the antenna top view with the four 
radiating elements placed over an annular square PLA low-loss support can be observed. The bottom view, representing the 
feeding network, is shown in Fig. 3c. Finally, according to the design strategy of Section II, a common ground plane is foreseen 
to be shared between radiating elements and feeding network. Fig. 3b shows this ground plane (applied on the second PLA 
substrate) along with slots for SMA connector and four via-holes for the feeding lines. 
From the fabrication point of view, as for the two PLA parts (i.e. the annular square and the feeding network substrates), they 
have been molded by using a Sharebot NextGeneration 3D printer having a 1.75 mm filament extruder, a 0.35 mm nozzle and a 
45x45 cm2 heatbed plate. A printing speed as low as 25 mm/s for the first layer, (so to facilitate the adhesion between PLA and 
plate) and at 50 mm/s for the rest of the structure has been set along with a plate temperature of 65°C. 
On the other hand, as for the conductive parts (i.e. radiating elements, feeding network, feeding lines, and ground plane), they 
have been realized by using 35µm adhesive copper tape shaped through the cutting-plotter-based technique presented in [19]. All 
the conductive parts have been manually applied on the realized 3D structures according to Fig. 3. Finally, the four lateral 
feeding lines connecting the feeding network to each element of the radiating structure have been applied on the substrate and 
then soldered. Once realized and assembled with a 50Ω-SMA input connector (see Fig. 3c), the final prototype shown in Fig. 4 
has been obtained. 
 
Fig. 4  Prototype of the 3D-printed antenna for handheld UHF RFID Reader 
IV. RESULTS 
In this Section the performance of the antenna have been extensively validated. In Fig. 5, for instance, simulated and measured 
reflection coefficients and axial ratio are shown and compared.  
 
Fig. 5  Simulated and measured reflection coefficient and axial ratio. 
It is worth noting that the simulated reflection coefficient assumes values below -10dB in the frequency range 854-877 MHz, 
which covers the required ETSI UHF-RFID band (865-868 MHz). Also, the simulated axial ratio in the boresight direction (θ=0° 
in Fig. 2) is lower than 3dB in the frequency range 862-871 MHz. The measured reflection coefficient and axial ratio are slightly 
shifted toward lower frequency due to small variation of the dielectric characteristics considered in the simulated model, but they 
are still satisfactory in the considered ETSI UHF-RFID band. 
The radiation patterns in the φ=0° and φ=90° planes, at the frequency of 866.5 MHz, are plotted in Fig. 6. In particular, both 
the copolar (Left Hand Circular Polarization, LHCP) and the crosspolar (Right Hand Circular Polarization, RHCP) field 
components are plotted as a function of the elevation angle θ (referred to the coordinates system shown in Fig. 2). A good 
agreement between simulated and measured copolar (LHCP) radiation pattern is achieved on both the considered planes. The 
measured crosspolar component (RHCP) is slightly higher than the simulated one, but in the boresight direction (θ=0°) is still 12-
15dB lower than the copolar component, confirming the good axial ratio performance shown in Fig. 5. The measured gain is 
about 1.5dB and it is constant in the whole ETSI UHF-RFID band. 
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Fig. 6  Simulated (solid line) and measured (markers) radiation pattern in the (a) φ=0° and (b) φ=90° planes, at a frequency of 866.5  MHz. Both the copolar 
(LHCP) and crosspolar (RHCP) are plotted. 
In order to characterize the antenna also from a system level point of view, further results have been obtained, similarly to the 
experimental analysis described in [20]. In particular, in Fig. 7, the measurement setup for an RSSI evaluation test is shown. The 
Antenna Under Test (AUT) has been placed at 1m above the ground level and fed with an input power of 150mW by an R4300P 
ION commercial RFID Reader from the CAEN RFID company [21]. The frequency hopping has been enabled in the ETSI UHF 
RFID band. Microwave absorbers have been used to mitigate the reflection from the ground. A dipole-like UHF RFID tag (Alien 
9640) has been placed at a variable distance from the reader antenna, attached on a thin wood pole at 1m above the ground. 
 
Fig. 7  Measurement setup for the read range test.  
The measured RSSI as a function of the tag-reader distance and of tag orientation is shown in Fig. 8. In particular, in this plot 
the performance of the proposed 3D printed antenna is compared with the single band double-layer RFID Reader antenna 
considered in [20]. The latter is a low-cost version of the single-band circularly polarized antenna presented in [7] and optimized 
for the ETSI UHF RFID (865-868 MHz). Its size is 60×60×7 mm3, comparable with the 3D printed antenna, and it is composed 
by two low-cost FR-4 (εr=4.3, tanδ=0.025) substrates arranged in a stacked configuration. It is worth noting that the here 
proposed low-cost 3D-printed antenna is able to detect the ALN 9640 tag up to 180cm of distance, independently from its 
orientation. On the other hand, the double-layer antenna can detect tags up to 150cm with the same input power. This confirms 
that, by exploiting the 3D printed structure, the proposed antenna guarantees a performance improvement without exceeding the 
limited available volume. In conclusion, the here proposed 3D-printed antenna is able to guarantee a satisfactory read range 
while maintaining a low-profile and compact structure. Thanks to the 3D printing, the overall antenna is light, easy to fabricate 
and low-cost, differently from other configurations including double-layer structures, as in [7], [17]. Nevertheless, by properly 
optimizing the geometry of the 3D-printed structure, it may be even possible to further improve the antenna performance, 
especially in terms of gain.  
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Fig. 8  Measured RSSI as a function of the distance, when the portabe reader antennas are fed with an input power of 150mW 
V.  CONCLUSIONS 
In this paper, Additive Manufacturing 3D-printing technology has been exploited to design a circularly polarized antenna for 
ETSI UHF-RFID handheld readers. The antenna consists of four inverted-F monopoles with capacitive top loads, sharing a 
single ground plane which is in common also with a feeding network mounted upside-down. The feeding network, in turn, 
implements the sequential rotation feeding technique to achieve a circularly polarized radiated field. As demonstrated by 
simulated and experimental results, thanks to 3D-printed supporting structures, specifically tailored and realized in Poly-Lactic 
Acid, a limited antenna size is obtained while guaranteeing performance superior to other compact solutions proposed in the 
literature and based on conventional materials. 
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